INTRODUCTION
Peroxiredoxins (Prxs) are enzymatic antioxidants (Baier and Dietz, 1999) that are produced at high levels in cells. Prxs constitute a family of heme-free peroxidases that reduce alkyl hydroperoxides and hydrogen peroxide (H 2 O 2 ), and are found in all biological kingdoms from bacteria to plant and animal (Chae et al., 1999; Link et al., 1997) . The degradation reaction of 2-Cys Prx involves its two active Cys residues. Peroxidatic Cys (Cys P ) attacks peroxide and becomes oxidized to sulfenic acid. Oxidized Cys P is attacked by the resolving Cys (Cys R ). Two oxidized active Cys residues are formed via intra-or intermolecular disulfide bonds after yielding water or the corresponding alcohol (An et al., 2010; 2011; Dietz, 2003; Hofmann et al., 2002) .
Prxs can act either as peroxidases or as molecular chaperones, with reversible switching between the dual enzymatic functions (An et al., 2010; 2011; Chuang et al., 2006; Jang et al., 2004; 2006a) . These properties enable Prxs to prevent the stress-induced misfolding or aggregation of intracellular macromolecules (Chuang et al., 2006; Jang et al., 2004; 2006a) . Prxs also display diversity in structure and apparent molecular weight (MW), with 2-Cys Prxs undergoing structural conversion from low MW (LMW) to high MW (HMW) complexes. Most 2-Cys Prxs form condition-dependent HMW structures, although the physiological relevance of this oligomerization is unclear (Jang et al., 2004; 2006b; Kristensen et al., 1999; Schröder et al., 1998; Wood et al., 2003) .
Two previous studies have reported physiological evidences of Prx oligomerization. Cyclin-dependent kinases (Cdks) were observed to inactivate the peroxidase activity of human Prx I (hPrxI) and hPrxII by specifically phosphorylating Thr
90
, thereby significantly increasing its chaperone activity (Chang et al., 2002) . This process was accompanied by HMW complex formation. Moon et al. (2005) demonstrated that the 2-Cys Prx dimer-decamer transition is stimulated by hyperoxidation of the peroxidatic Cys residue and structural and functional changes. More recently, additional Cys residues were shown to promote the HMW complex formation of 2-Cys Prx, accompanied by an increase in chaperone activity (unpublished result).
The structural transitions of 2-Cys Prx by additional Cys residues can be explained by two factors. First, the additional Cys residues act as combiners by their inter-and intra-disulfide bonds and as redox sensors by the oxidation and reduction of their exposed free Cys residues (Cumming et al., 2004; unpublished result) . Second, the presence of additional Cys residues between two active Cys residues promotes the change of secondary structural elements, such as the exposure of hydrophobic-, β-sheet-, or random coil-regions (unpublished result). Thus, the oligomerization of 2-Cys Prxs caused by Thr 90 phosphorylation, hyperoxidation of the active Cys residues, or additional Cys insertions may be an important factor in the functional switching of Prxs.
Although Prx modifications significantly affect their structural and functional switches, Prxs predominantly exhibit chaperone activity in their HMW complex form. If 2-Cys Prxs are not modified, then they maintain the LMW form and their role as a peroxidase. The structural and functional choices of 2-Cys Prxs appear to be forced by the cell environment. This observation raises several questions. Given that the functional switches of Prx are regulated by their structural changes, why does Prx never exhibit equilibrated levels of its dual functions? Furthermore, what conditions would be required for Prx to exhibit such equilibrated levels?
The purpose of this study was to investigate whether 2-Cys Prx (PpPrx) can possess both of its dual functions in equilibrium when additional Cys residues are added. Various PpPrx variants were designed that contained multiple additional Cys derivatives that were individually inserted. The relative dual function ratio and structural changes of the PpPrx derivatives were compared. To address the physical changes of PpPrx with additional Cys residues, the optimal Cys positions needed for dual functionality were examined. We also investigated whether the additional Cys residues conferred stress-resistance to E. coli cells under extreme stress.
MATERIALS AND METHODS
Bacterial strains, media, and materials The bacterial strains Pseudomonas putida KT2440, P. aeruginosa PAO1, and E. coli DH5α (Promega, USA), KRX (Promega), and JD22970 (NBRP, NIG, Japan) were grown aerobically at 30°C and 37°C in LB medium (0.5% sodium chloride, 0.5% yeast extract, and 1% tryptone) (DB, USA). These strains were used to clone the PRX genes and to perform the survival assay under extreme stress conditions. Yeast Trx and Trx reductase (TR) were prepared as described (Chae et al., 1994) . Protein molecular size standards used in polyacrylamide gel electrophoresis (PAGE) were purchased from ELPIS (Korea). Ampicillin (Amp), kanamycin (Km), Imidazole, L-rhamnose, bovine serum albumin (BSA), hydrogen peroxide (H 2 O 2 ; 30% v/v), and nicotinamide adenine dinucleotide phosphate (NADPH) were obtained from Sigma (USA). 1,1′-Bi(4-anilino) naphthalene-5,5′-disulfonic acid (bis-ANS) was from Molecular Probes (Invitrogen, USA).
Cloning of PpPrx and PaPrx genes
The two PRX genes were amplified from P. putida KT2440 and P. aeruginosa PAO1 genomic DNA by polymerase chain reaction (PCR). Briefly, specific PCR reactions were carried out in 20-μl mixtures containing 10 ng of genomic DNA, 0.2 μM deoxyribonucleoside triphosphates (dNTPs), 20 pmol of each primer set for PpPrx (XhoI, 5′-CCG CTC GAG ATG AGC GTA CTC-3′; SacI, 5′-CGA GCT CTT ACA GCT TGC CAG C-3′) and PaPrx (XhoI, 5′-CCG CTC GAG ATG AGC GTA CTC GTA-3′; HindIII, 5′-CCC AAG CTT TTA CAG CTT GCT GGC-3′), and 1 unit of Taq DNA polymerase (Promega) in a standard PCR buffer. The following conditions were used for PCR: denaturation for 1 cycle at 94°C, 60 s, 35 cycles at 94°C, 30 s; 50°C, 45 s; 72°C, 45 s, followed by 1 cycle at 72°C for 10 min. The PCR products (615 bp) were collected, purified, and subcloned into the pGEM-T vector (Promega) to produce PpPrx and PaPrx, which were then transformed into DH5α cells. Each of the PpPrx and PaPrx fragments from pGEM-T was transferred to the pRSETa expression vector (Invitrogen) to create pRSETa:: PpPrx and pRSETa::PaPrx.
Site-directed mutagenesis of PpPrx by PCR The additional Cys (Cys 112 )-excluded mutant protein, C112S, was generated by PCR. Cys 112 was specifically replaced in PpPrx by Ser using PCR-mediated site-directed mutagenesis with pRSETa::PpPrx as the template. The complementary primers contained a single-base mismatch that converts the codon for Cys to Ser.
The additional Cys-added five mutant proteins (C112S, S31C/ C112S, Y192C/C112S, S31C, Y192C, and S31C/Y192C) were generated by PCR. Ser 31 and Tyr 192 were individually substituted in PpPrx and C112S by the additional Cys (S31C and Y192C, respectively) using PCR-mediated site-directed mutagenesis with pRSETa::PpPrx and pRSETa::C112S as the template, respectively. The complementary primers contained a single-base mismatch that converts the codons for Ser and Tyr to Cys. Briefly, specific PCR was carried out in 20-μl mixtures containing 10 ng of plasmid DNA (pRSETa::PpPrx and pRSETa:: C112S), 0.2 μM dNTPs, 20 pmol of each primer [C112S (top, 5′-GAC CCA CGA AAT CTC CAA AGC CTA CGA CG-3′; bottom, 5′-CGT CGT AGG CTT TGG AGA TTT CGT GGG TC-3′), S31C (top, 5′-TTC AAC CTG GCC TGC GCC ATC AAG GGC-3′; bottom, 5′-GCC CTT GAT GGC GCA GGC CAG GTT GAA-3′), and Y192C (top, 5′-GGC GTT GCT GCC TGC CTG AGC GAG AAC-3′; bottom, 5′-GTT CTC GCT CAG GCA GGC AGC AAC GCC-3′)], and 1 unit of prime star-taq DNA polymerase (Takara Bio, Japan) in a PCR buffer. The following conditions were used for PCR: denaturation for 1 cycle at 94°C, 60 s, 18 cycles at 94°C, 30 s; 75°C, 5 min, followed by 1 cycle at 72°C for 10 min. The PCR products (3506 bp) were collected and purified, treated with DpnI (Promega) for exclusion of original DNA as the template, and then transformed into KRX cells. The point mutations were confirmed by nucleotide sequencing after plasmid isolation.
Expression and purification of His-tagged various Prx proteins in E. coli KRX cells were transformed with pRSETa::PaPrx, pRSETa:: PpPrx, pRSETa::C112S, pRSETa::S31C/C112S, pRSETa:: Y192C/C112S, pRSETa::S31C, Y192C, or pRSETa::S31C/ Y192C. Cells were cultured at 30°C overnight in 5 ml of LB medium supplemented with Amp (100 μg/ml), and then transferred to 500 ml of fresh LB medium in a shaking incubator. When the absorbance of the culture at 600 nm (A 600nm ) reached 0.4, expression was induced by L-rhamnose was added at a final concentration 0.2%. After incubation for an additional 8 h, the cells were collected by centrifugation, frozen in liquid nitrogen, and stored at -70°C until use.
His 6 -fused Prxs were purified using a native Ni-NTA column (Peptron, Korea), and eluted with a linear gradient of 200 to 500 mM imidazole in phosphate-buffered saline (PBS; pH 8.0). After dialysis against 50 mM HEPES (pH 8.0), the protein concentration was measured using the Bradford method (Bradford, 1976) , with BSA as the standard. The purity of the purified recombinant Prxs according to SDS-PAGE was > 99%.
Peroxidase activity assay
The thioredoxin-dependent peroxidase activity of purified Prxs was measured as described previously, with minor modifications (Cheong et al., 1999; Jang et al., 2004; Jeong et al., 2000; Lee et al., 1997) . The seven PpPrx derivative proteins were incubated in 50 mM HEPES (pH 8.0) containing 200 μM NADPH, 3 μM yeast Trx, and 1.5 μM yeast TR. The reaction mixture was incubated at 30°C for 5 min, followed by the addition of a 10-μl aliquot of H 2 O 2 at various concentrations. NADPH oxidation was monitored for the next 6 min by the decrease in A 340nm as measured by an EVOLUTION 300 UV-VIS spectrophotometer (Thermoscientific, USA).
Molecular chaperone activity assay
The molecular chaperone activity was determined as described previously by assessing the ability of recombinant Prxs to inhibit the thermal aggregation of substrate proteins (Cheong et al., 1999; Chuang et al., 2006; Lee et al., 1997; Moon et al., 2005) . Briefly, 1 μM malate dehydrogenase (MDH) was mixed with various concentrations of the seven PaPrx derivative proteins in a degassed 50 mM HEPES (pH 8.0) solution. The reaction mixture was incubated at 43°C for 15 min. The increase in light scattering as a result of the thermal aggregation of substrate proteins was monitored at 360 nm with an EVOLUTION 300 UV-VIS spectrophotometer equipped with a thermostatic cell holder (Thermoscientific).
Fluorescence measurement
Hydrophobic domain exposure of the Prx proteins was investigated using a SFM25 spectrofluorometer (Kontron, Germany) to examine the binding of 10 μl of 10 mM bis-ANS to 100 μg of each of the five Prx proteins. Spectra were accumulated five times. The excitation wavelength was set at 380 nm and emission spectra were monitored from 400 to 600 nm (Sharma et al., 1998) .
Circular dichroism (CD) spectroscopy
The five Prx proteins in 10 mM sodium phosphate buffer (pH 7.4) were used for Far UV-CD spectral analysis with a Jasco J-715 spectropolarimeter (Jasco, UK). Spectra were accumulated five times (Ito et al., 2001) .
Survival assay of PpPrx derivative-transformed E. coli under extreme stress JD22970 cell lines transformed with the seven PpPrx derivatives (ΔPRX E. coli) were individually grown aerobically at 37°C in 5 ml of LB medium supplemented with Amp (100 μg/ml) and Km (50 μg/ml). The cells were transferred to 50 ml of fresh LB medium in a shaking incubator. When the A 600nm of the culture reached 0.5, the cells were collected by centrifugation. The cells were resuspended to a density of 1.0 at 600 nm and were serially diluted from 10 -1 to 10 -4
. The diluted cells were incubated on LB plates with 1 mM H 2 O 2 at 37°C (for oxidative stress), without H 2 O 2 at 50°C (for heat stress), or with 1 mM H 2 O 2 at 50°C (for extreme stress) (Gnanasekar et al., 2009) .
RESULTS
Comparison of PpPrx and PaPrx based on amino acid sequences Previously, we characterized PpPrx from P. putida KT2440, which consisted of 200 amino acids. Based on the enzymatic analysis results, this PpPrx has dual functions as a dominant chaperone and a recessive peroxidase activity (An et al., 2011) . The PaPrx protein from P. aeruginosa PAO1 also contains 200 amino acids, and has dual functions as a dominant peroxidase and a recessive chaperone (An et al., 2010) . In the present study, PaPrx and PpPrx were aligned, revealing a sequence homology of 93%. Each protein contained two conserved VCP tripeptides (Cys 51 as catalytic Cys and Cys 171 as resolving Cys) at the same position, which formed intermolecular disulfide bonds essential for the peroxidase activity. However, PpPrx contains an additional Cys 112 within the two VCP motifs, whereas PaPrx has Ala at the same position (Fig. 1) .
Comparison of the peroxidase and chaperone activities of PpPrx and PaPrx
We next compared the molecular chaperone and peroxidase activities of PpPrx and PaPrx in vitro. The molecular chaperone activities of the two Prxs were investigated using MDH at 43°C (Supplementary Fig. 1A ). PpPrx showed low H 2 O 2 catabolic peroxidase activity, whereas PaPrx exhibited an approximately 4-to 5-fold higher peroxidase activity than PpPrx. PpPrx exhibited an approximately 40-to 50-fold higher chaperone activity than PaPrx.
Comparison of the secondary structures of PpPrx and PaPrx
To explain the reciprocal activities of PpPrx and PaPrx, far-UV CD spectra were used to estimate their secondary structural components. Far-UV CD spectra obtained from the wavelength scans of the Prxs were used to compare the structural differences between PpPrx and PaPrx. The differences in secondary structure components due to the existence of the additional Cys (Cys
112
) were as follows ( Supplementary Fig. 1B ): the β-sheet content increased from 21.4% to 39.9%, α-helix content decreased from 32.9% to 14.4%, random coil content increased from 27.6% to 45.8%, and the turn content decreased from 17.4% to 0%. These data suggested that the additional Cys acts as a key modulator of both the function and structure of Prx proteins. 
A B
Design of PpPrx with equilibrated dual functions by including additional Cys residues Two separate enzymatic and structural comparisons were performed between PpPrx and PaPrx, which revealed specific details of their Cys 112 residues. These comparisons allowed us to construct a mechanism for the transition from low to high chaperone activity. The mechanism was based on the following three observations: (1) PpPrx has an approximately 40-to 50-fold higher chaperone activity than PaPrx; (2) PpPrx has Cys 112 instead of Ala between the two VCP motifs; (3) PpPrx displays predominantly β-sheet and random coil elements with few α-helix and turn elements, whereas PaPrx displays predominantly α-helix and turn elements with few β-sheet and random coil elements; and (4) the predicted secondary structure of PpPrx indicates that Cys 112 is located in an α-helical element between the two VCP motifs (Fig. 2A) .
The location of Cys 112 in a α-helical element could induce the exposure of β-sheet and random coil elements, thus affecting chaperone activity (unpublished result). Therefore, the number and location of the α-helical elements in PpPrx were examined. PpPrx had six α-helical elements. Two and four of these elements were located outside and inside the two active Cys residues, respectively ( Fig. 2A) . To improve the enzyme activities of PpPrx, various Cys derivatives were designed in which additional Cys residues were inserted in each of the two α-helical elements located outside of the active Cys residues of PpPrx (Fig. 2B) .
Influence of additional Cys residues on the dual functions To investigate the critical influence of additional Cys residues (Cys

31
, Cys
112
, and Cys
192
) on the dual enzymatic functions (i.e., chaperone or peroxidase), a series of experiments were performed in vitro. The molecular chaperone activities of six mutant proteins were compared to those of the respective PpPrx, Fig. 3 . Additional Cys-mediated functional change of PpPrx. Comparison of additional Cys-mediated changes in enzymatic efficiency (peroxidase and chaperone activities). The relative activities of PpPrx derivative proteins were compared to those of the respective dominant activities. Chaperone activity of PpPrx and peroxidase activity of C112S-PpPrx were each set to 100%. Data shown are the means of at least three independent experiments. whose activity was set to 100% (Fig. 3) . The peroxidase activities of the six PpPrx derivatives were compared to those of the respective C112S, whose activity was set to 100% (Fig. 3) .
The C112S mutant displayed low chaperone activity, similar to PaPrx. PpPrx and other PpPrx proteins containing additional Cys residues exhibited an approximately 20-to 50-fold higher activity than C112S. However, the H 2 O 2 catabolic peroxidase activity of C112S was higher than that of the other PpPrx derivatives containing single or multiple additional Cys residues. Although variants with additional Cys derivatives had significantly lower peroxidase activities than C112S, the double additional Cys mutants (S31C or Y192) maintained an about 80% peroxidase activity compared with C112S. This comparison suggests that the additional Cys residues affected the dual functions of the PpPrx derivatives.
Influence of additional Cys residues on Prx oligomerization
We next addressed the critical influence of the additional Cys residues (Cys
31
, Cys
112
192
) on the protein structure of PpPrx, specifically on the inter-and intradisulfide bond sites under nonreducing and native conditions. When the protein structures of PpPrx and its derivatives were analyzed on nonreducing and native PAGE gels, they showed quite different structural patterns (Figs. 4A and 4B ). PpPrx displayed various oligomeric protein complexes containing both HMW complexes and a few LMW forms (lane 3), while C112S produced predominantly dimers and fewer HMW complexes than other PpPrx proteins (lane 1). In S31C/C112S and Y192C/C112S, the LMW species of C112S were shifted to HMW complexes by additional Cys residues (Cys 31 or Cys
) (lanes 2 and 4). Conversely, most of the LMW structure species of PpPrx were shifted to HMW complexes if additional Cys residues were located anywhere on the three α-helical elements (Fig. 4) . The double additional Cys mutants (S31C or Y192) contained abundant LMW species compared with C112S, consistent with the peroxidase activity of the double additional Cys mutants (Fig. 3) .
Influence of additional Cys residues on the secondary structure and hydrophobicity To determine why the structural and functional alterations of the PpPrx derivatives depended on the insertion of additional Cys residues (Cys 31 , Cys 112 and Cys
), far-UV CD spectra were used to estimate and compare the secondary structural components between C112S and other PpPrx derivatives (Fig. 5) . Changes in secondary structural elements due to the existence of additional Cys were as follows (Fig. 5) ; the β-sheet content increased from 21.4% to 55%, random coil content increased from 29.7% to 45.8%, α-helical content decreased from 31.5% to 6.6%, and the turn content decreased from 17.4% to 0%. In particular, the β-sheet content markedly increased when additional Cys residues were added, whereas the α-helix and turn contents markedly decreased.
These changes in secondary structural elements enhanced chaperone activity compared with C112S. However, the double additional Cys mutants (S31C and Y192C) maintained a high efficiency of peroxidase activity, unlike the single additional Cys mutants (PpPrx, S31C/C112S and Y192/C112S). These results suggest that the double additional Cys addition gives PpPrx a high efficiency of equilibrated dual functions, and that the additional Cys residues act as a key modulator of protein function and structure of PpPrx derivatives.
To protect target substrates against stress-induced aggregation, chaperones bind to nonnative states of substrate proteins through hydrophobic interactions (Ganea, 2001; Jang et al., 2006a) . The hydrophobicity of C112S and other PpPrx derivatives containing additional Cys residues were compared by measuring the binding of the bis-ANS fluorophore. Bis-ANS is widely used to detect hydrophobic regions on the surface of proteins (Sharma et al., 1998; Shi et al., 1994) . The fluorescence levels of bis-ANS bound to C112S, single additional Cys mutants (S31C/C112S and Y192C/C112S), or the triple additional Cys mutant (S31C/Y192C) were significantly lower than that of bis-ANS bound to PpPrx (Fig. 6) . The fluorescence spectra of bis-ANS bound to the double additional Cys mutants (S31C and Y192C) were slightly reduced compared to PpPrx (Fig. 6 ). This result suggests that the position of Cys 112 in PpPrx greatly increased the exposure of hydrophobic domains, resulting in protein polymerization into HMW complexes and providing binding sites for the partially denatured substrate proteins. Other positions of additional Cys (Cys 31 and Cys
) partially reduced the exposure of hydrophobic domains, and these mutants exhibited decreased hydrophobicity (Fig. 6 ) and chaperone activity (Fig. 3) compared with PpPrx.
Additional Cys residues provide enhanced tolerance to ΔPRX E. coli under heat and oxidative stresses We investigated the degree to which each additional Cys mutant protein contributed to the stress tolerance of ΔPRX E. coli cells. Survival rates were compared under heat-, oxidative-or complex-stress conditions. Heat shock was induced by incubation at 50°C and oxidative stress was induced by incubation at 37°C with 1 mM H 2 O 2 . The control used was ΔPRX E. coli cells harboring empty vector. Six additional Cys derivatives (C112S, S31C/C112S, PpPrx, Y192C/C112S, S31C and Y192C) showed similar survival rates as ΔPRX E. coli cells harboring empty vector under the normal and 1 mM H 2 O 2 conditions (Fig. 7) . The C112S protein displayed low chaperone activity and abundant peroxidase activity (Fig. 3) . This result may suggest that the peroxidase capacity changes of PpPrx did not contribute to the survival rate of ΔPRX E. coli against H 2 O 2 stress, and that PpPrx was not a major H 2 O 2 scavenger in the E. coli antioxidant system. However, C112S showed a lower survival rate than other additional Cys derivatives under heat stress. This result might be related to the low chaperone activity of C112S (Fig. 3) .
Among the PpPrx derivatives, the single Cys mutants (S31C/ C112S and Y192C/C112S) and the double Cys mutants (S31C and Y192C) displayed higher survival rates than C112S under heat stress. The enhanced stress tolerance of ΔPRX E. coli by additional Cys derivatives was clearly shown under the complex-stress condition. The S31C and Y192C mutants exhi-bited dramatically increased survival rates compared with other PpPrx derivatives (Fig. 7) . S31C/Y192C exhibited hypersensitivity to all stress conditions, although the level of chaperone activity was maintained at 93% compared with PpPrx (Fig. 3) . The survival rates of S31C and Y192C indicate that the equilibrium of the dual functions was modulated by the additional Cys residues. The equalized dual functions could enhance the tolerance of ΔPRX E. coli cells against the complex-stress condition.
DISCUSSION
The 2-Cys Prx proteins are members of a ubiquitous family of peroxidases that exhibit antioxidant activity as peroxidases and molecular chaperones and participate in redox-sensitive signaling (Jang et al., 2004; 2006a; Wood et al., 2003) . Most 2-Cys Prxs form condition-dependent oligomeric structures, although the physiological relevance of the association or dissociation of these proteins is unclear (Jang et al., 2004; 2006a; Moon et al., on an LB plate with 1.6 mM H 2 O 2 at 37°C (for oxidative stress), on an LB plate without H 2 O 2 at 50°C (for heat stress), or on LB plate with 1.6 mM H 2 O 2 at 50°C (for extreme stress). Fig. 7 . In vivo observation of PpPrx mutant phenotypes under extreme stress. Growth temperature (as a heat stress), H 2 O 2 concentration (as an oxidative stress), and the fold dilution are indicated. The growth phenotypes of E. coli transformed with PpPrx derivatives were observed after 1 day under the indicated conditions. After cultivation in liquid LB medium at 37°C, the cells were resuspended at a density of 1.0 at 600 nm. The cells were serially diluted from 10 . Diluted cells were incubated 2005). Oligomerization may be dependent on the redox state, with reduction of the enzyme resulting in oligomerization (Schröder et al., 1998) . Yeast Prxs undergo conversion to a multimeric structure by heat stress (Jang et al., 2004) , and the chaperone activity of hPrxI is enhanced by the phosphorylation of Thr 90 (Jang et al., 2006b) . Although the chaperone activity is maximally increased by 6-to 10-fold following these modifications, the mechanism responsible for the increased activity is unknown (Jang et al., 2004; 2006b; Moon et al., 2005) .
In this study, we found that PpPrx and PaPrx have a highly conserved sequence-based alignment, and that they both have dual functions as peroxidases and molecular chaperones. In spite of these similarities, PpPrx had an approximately 40-to 50-fold stronger chaperone activity than PaPrx, and contained Cys 112 between two active Cys residues. By contrast, PaPrx exhibited low chaperone activity and absent additional Cys residues at the same position.
We investigated how Cys 112 could affect the structure and dual functions of PpPrx. C112S exhibited a similar functional tendency as PaPrx ( Supplementary Fig. 1A ). According to the secondary structure prediction, Cys 112 is located on an α-helical element of PpPrx ( Fig. 2A) . Thus, the influence of additional Cys residues (Cys
31
, Cys
112 and Cys
192
) on the functional and structural changes of PpPrx was investigated using various additional Cys derivatives on other α-helical elements in PpPrx. The C112S mutant showed lower chaperone activity than single or multiple additional Cys residue mutants. Additional Cys derivatives had significantly lower peroxidase activities than C112S. In particular, S31C and Y192 maintained an approximately 80% peroxidase activity compared with C112S (Fig. 3) .
Compared to C112S, mutants with additional Cys derivatives tended to form variously sized oligomeric HMW complexes and tended to display higher chaperone activities. By contrast, C112S displayed mostly LMW structures and low chaperone activity (Figs. 3 and 4) . The substitution of additional Cys residues (Cys 31 and Cys
) in the α-helical elements of C112S caused the mutants to behave like PpPrx, which has a high chaperone activity. Thus, the secondary structure elements and hydrophobicity were significantly transformed by the additional Cys residues (Cys 31 , Cys 112 and Cys
), and provided a structural explanation for the increased chaperone activity.
The additional Cys residues also significantly increased the exposure of β-sheet and random coil elements on the protein surface, whereas the exposure of α-helical and turn elements was decreased (Fig. 5) . We also investigated the influence of hydrophobicity on the chaperone function. The Cys 112 of PpPrx greatly increased the exposure of hydrophobic domains; however, other positions of additional Cys residues (Cys 31 and Cys
) partially reduced the exposure of hydrophobic domains. Consequently, switches in the functional and structural characters were determined partly by the position of additional Cys residues (Cys
31
, Cys 112 and Cys
192
). Finally, we investigated whether the stress tolerance of ΔPRX E. coli cells was significantly enhanced by PpPrx engineered with additional Cys residues. S31C and Y192C exhibited dramatically higher survival rates under the complex-stress condition than the other derivatives (Fig. 7) . The enhanced stress tolerance of S31C and Y192C suggested that the equilibrium of the dual functions could be significantly modulated by the use of additional Cys residues (Cys
31
, Cys
112
192
). Consequently, the equalized dual functions could enhance the resistance of ΔPRX E. coli cells against the complex-stress condition (Fig. 7) .
In conclusion, we have provided a guideline for conserved 2-Cys Prx protein engineering by additional Cys residues, and have demonstrated that additional Cys is a critical factor in the structural and functional switching. These results suggest that equilibrated dual functions could be adapted for use in bioengineering systems and industries. Furthermore, it may be possible to develop organisms that are more resistant to extreme environments.
Note: Supplementary information is available on the Molecules and Cells website (www.molcells.org).
